Context: The growth response to recombinant human growth hormone (rhGH) in GH deficient (GHD) patients may be influenced by polymorphisms in the growth hormone receptor (GHR) gene. Objectives: To investigate adults with GHD who have been treated with rhGH for more than 1 year to determine the relationship between genomic deletion of exon 3 in the GHR gene and quality of life (QoL), body composition (BC) and serum IGF1 levels, and to compare these variables to a healthy adult control population. Design: Cross-sectional study. Methods: A total of 100 healthy adult controls and 131 patients were studied. Deletion of exon 3 in the GHR gene was determined in DNA that was isolated from peripheral blood. QoL was determined using the adult GHD assessment scale and three other validated QoL instruments. Results: In the control population, the frequency of the genotypes was 53% fl/fl, 40% d3/fl and 7% d3/d3, and in the patient population, 55, 39 and 6% respectively. There was no significant difference in QoL scores and BC in control subjects with the fl/fl genotype compared with those with the d3/d3 or fl/d3 genotype. There was no difference in the rhGH dose required to optimize serum IGF1, QoL or BC in patients with the fl/fl genotype compared with those with the d3/d3 or d3/fl genotype. Conclusion: Deletion of exon 3 in the GHR gene does not influence adult height, QoL or BC of the normal adult population nor does it influence rhGH dose, QoL and BC in GHD adults treated with rhGH for more than 1 year.
Introduction
In health, the GH receptor (GHR) is the principal regulator of GH sensitivity. The GHR consists of an extracellular domain of 246 amino acids, a single transmembrane domain and a cytoplasmic domain. The encoding gene has nine exons, but there are two isoforms of the GHR in humans generated by deletion of exon 3 of the gene resulting in three genotypes: † full-length isoform only with retention of exon 3 on both alleles, i.e. homozygous GHRfl; † short isoform only with exclusion of exon 3 on both alleles, i.e. homozygous d3-GHR; and † a combination of the two isoforms, i.e. heterozygous GHR-d3/fl.
Population studies have shown that the heterozygote frequency is between 25 and 40%, while the GHR-d3/d3 genotype occurs in 7-15% of the population (1) (2) (3) (4) .
A number of studies in children have shown that this polymorphism may influence GH sensitivity during recombinant human GH (rhGH) therapy for GH deficiency (GHD), Turner's syndrome, idiopathic short stature and those born small-for-gestational age. Thus, subjects with the d3/d3 or fl/d3 genotype demonstrated a superior growth response during rhGH therapy compared with those with the fl/fl genotype (2, 3, 5, 6) . However, there are also a number of studies in similar patient populations where this association was not observed, and thus the true effect of this polymorphism on GH sensitivity in rhGH-treated children remains uncertain. It can perhaps be stated with more certainty that this polymorphism does not influence final adult height in healthy subjects (4, 7, 8) .
The GHD developing in adult life results in impaired quality of life (QoL) and altered body composition (BC) both of which improve with GH replacement therapy. As in children, it is now a standard practice to treat adult GHD with rhGH. To date, there are no studies investigating the effect of this common polymorphism on QoL in GHD adults. In this study, we have therefore investigated GHD adults who have been treated with rhGH for more than 1 year, in order to determine whether a relationship exists between genomic deletion of exon 3 in the GHR gene and QoL, BC and serum insulin-like growth factor-1 (IGF1) levels. We also compared these variables in healthy adult controls from the local population.
Materials and methods

Patients
Over a period of 18 months, 131 consecutive patients with GHD who consented to participate were studied. All were attending the endocrine clinic and had received rhGH treatment for more than 1 year. All were white Caucasians and all had severe GHD defined as peak GH !9 mU/l (9) after 1 mg s.c. glucagons (10, 11) . The clinical history was documented from medical records. Tables 1-3 show the underlying diagnosis, demographic details and previous treatments, other medical conditions and hormone replacement.
Controls
A control group of 100 healthy white Caucasian adult volunteers from the local population were recruited for the study. The volunteers had no significant past medical history, family history of pathologic short stature and no previous or existing pituitary disease. They were assessed using the same QoL instruments as the GHD patients and their BC and GHR genotypes were also determined.
Ethics
Ethical approval was sought and obtained from the Local Research Ethics Committee for patient and control populations. Written informed consent was obtained from patients and volunteers before inclusion in the study. The study was carried out in accordance with the Declaration of Helsinki (1989) of the World Medical Association.
Anthropometric measurements
Waist-to-hip ratio (WHR) and waist circumference were measured by a single observer as previously described. Height was measured using a Harpenden stadiometer and weight was measured using electronic scales. Body mass index (BMI) and height SDS were derived from normative data from the British white Caucasian population. The percentage of body fat was measured using a bioimpedance meter (Tanita body fat analyzer model TBF-305; Tanita, Tokyo, Japan).
Health-related QoL questionnaires
QoL was assessed in both the patient and control populations using four validated questionnaires: the National Institute for Clinical Excellence (NICE) approved questionnaire for treatment of GHD; the adult GHD assessment (AGHDA) questionnaire (12) ; the hospital anxiety and depression (HADS) questionnaire; the life fulfilment scale and the satisfaction and disease impact scale adapted for GHD patients (13) . The volunteers were not required to fill in the disease impact scale questionnaire. Finally, a 10-cm visual analogue scale (VAS) was also used to determine energy levels. The VAS scoring ranged from 0 (no energy) to 10 cm (full of energy). This tool has been used in previous studies of adult GHD patients (14) . Higher scores are associated Miscellaneous: Cushing's disease; acromegaly; empty sella syndrome; arachnoid cysts; chordoma; idiopathic isolated GHD; glioblastoma; thalamic tumour; meningioma; Langerhans cell histiocytosis; HSV encephalitis; pineal tumour; septo-optic dysplasia; nasopharyngeal neuroblastoma. with worse QoL in the AGHDA questionnaire, the HADS and the satisfaction scale, and lower scores with worse QoL and energy levels in disease impact scale and VAS respectively. The order of completion of questionnaires was consistent and all questionnaires were answered in a single session.
GH treatment
Patients with multiple hormone deficiencies were adequately replaced and treatment optimized prior to commencement of rhGH according to existing national treatment guidelines (15) . Treatment dose with rhGH is titrated to reference IGF1 values. All patients had also fulfilled NICE guidelines of a score R11/25 on the AGHDA questionnaire before commencing treatment (9).
Genotyping
Genomic DNA was extracted from whole blood using Magnetic Bead Technology and Chemagic Magnetic Separation Module I (Chemagen, Auto Q Biosciences Ltd, Berkshire, UK) according to the manufacturer's protocol for 10 ml blood. DNA was amplified using a multiplex strategy described by Pantel et al. (16) . Briefly, 1 ml of 20 ng/ml genomic DNA was added to 24 ml reaction mixture (ReddyMix Matster Mix, ABgene, Surrey, UK) of 1.5 mM MgCl 2 , 0.5 mM each dNTP, 1 ml of 0.2 mM of each primer. The G1, G2 and G3 primers are described in GenBank accession no. AF155912. The cycling programme performed on a G-storm Thermal
Cycler PCR machine (Applied Biosystems, Foster City, CA, USA) was as follows: denaturation for 2 min at 94 8C followed by 35 cycles of 94 8C for 30 s, 60 8C for 30 s and 72 8C for 90 s. This was followed by a final extension step of 7 min at 72 8C. It was then cooled for 10 8C for 30 min. The presence and size of amplification products were determined by electrophoresis on 1% agarose gel stained with ethidium bromide. The fl allele (GHRfl) is represented by a 935-bp fragment and the d3 allele (d3-GHR) is represented by a 532-bp fragment. When a homozygous d3/d3 genotype was detected (a single band corresponding to 532 bp) and/or when a band potentially corresponding to 935-bp product was mildly amplified, a second PCR using G1 and G3 primers was carried out, which amplified GHRfl alleles. Quality control assessment was included using both positive and negative controls in each batch of samples.
Hormone measurements
Peak serum GH levels were measured during the glucagon stimulation test (1 mg glucagon) in all GHD patients prior to commencement of therapy. Serum GH and IGF1 levels were analyzed in the hospital laboratory using chemiluminescent immunometric assays using IMMULITE 2000 (Siemens Medical Solutions Diagnostics) according to the manufacturer's instructions.
Statistical analysis
Results are expressed as percentages and meanG1 S.D. The criterion for statistical significance was P!0.05. Differences between the variables evaluated among the d3-GHR/GHRfl genotypes were calculated using ANOVA (Bonferroni). Differences for the d3-GHR/GHRfl genotype frequencies were analysed by the c 2 test. Data were analysed using SPSS 15.0 for Windows. 
Results
Population studies and GHR-genotype frequencies
A total of 131 GHD patients who had been treated with rhGH for more than 1 year were studied, of whom 71 (54%) were male. The age of the patient population was 50 (G12) years, and the mean duration since primary diagnosis in the patient population was 12 (G10) years. A total of 102 patients (78%) had structural hypothalamic-pituitary disorders and 63 (48%) of the patients had received hypothalamic irradiation. Table 1 shows the aetiology of GHD in the patients studied. Table 2 shows the coexisting medical conditions and hormone replacement therapies. Figure 1 shows the distribution and frequency of the different genotypes in patients and controls. A total of 72 patients (55%) were homozygous for the wild-type allele ( fl/fl ), 51 (39%) patients were heterozygous for the allele coding the d3 isoform (d3/fl) and 8 (6%) patients were homozygous (d3/d3). Of the 100 healthy adult controls, 44% were males with a mean age of 45 (G13) years. The frequency of the genotypes was 53% ( fl/fl ), 40% (d3/fl ) and 7% (d3/d3). There was no significant difference in the frequencies of these alleles between the patient and control populations.
Comparison of study population between GHR genotypes
The study populations (patients and controls) were divided into two genotype groups, with the d3 homozygous and heterozygous isoforms grouped together. Comparison was made between the clinical and laboratory parameters and QoL scores between the two groups for both patients and controls. There was no significant difference in the measured variables based on the genotype in the patient population except for the life fulfilment and satisfaction scale (LFSS) ( Table 3) . Similarly, in the control population, there was no difference in QoL scores and clinical parameters between the different genotypes (Table 4 ). Further analysis of both populations' genotypes grouped separately (i.e. fl/fl, d3/fl and d3/d3) still showed no significant difference in measured variables (not shown).
Further analysis of the volunteer population was carried out to determine the frequency of the genotypes in the extremes of height (i.e. SDS!2.0 and O2.0); no significant difference in the extremes of height was identified.
Comparison of QoL scores between patient and control population
Comparison of measured variables and QoL scores was undertaken between the treated GHD patients and the healthy adult controls (Table 5 ). There were significantly better QoL scores in the control population as compared with the patient population despite being on replacement therapy. Measurements of BMI and height were expressed in mean (S.D.) SDS for the normal adult Caucasian population. Both populations were of similar height, but the GHD patients had a significantly higher BMI and WHR than the control population.
Discussion
Despite several recent publications concerning the paediatric population, there has been very little interest in the role of polymorphisms in the GHR gene and response to GH therapy in the adult population. The only study investigating the exon 3 polymorphism in the adult population (17) did not address QoL, which remains the main indication for the use of rhGH in the United Kingdom. This study aimed to determine the prevalence of the polymorphism of exon 3 of the GHR in the local population and also to analyse whether a relationship exists between genotypes GHR-d3/d3, GHR-d3/fl and GHR-fl/fl, and QoL, BC and serum IGF1 levels in GHD adults on stable GH replacement. A total of 100 healthy Caucasian adults were studied and the prevalence of the GHR-d3 polymorphisms was comparable with previous studies showing up to half of the population being homozygous for the fl allele. Similar frequencies were also seen in the patient population. Previous studies have shown that growth response in GHD children is greater in children who exclude exon 3 on one or both alleles compared with those who have the full length isoform on both alleles (6) . Therefore, for this study, analysis was done with the genotypes GHR-fl/d3 and d3/d3 grouped together and also separately (data not shown). We acknowledge that the low prevalence of the homozygous d3 (d3/d3) precludes proper study of this group.
Despite adequate replacement, patients on rhGH continue to have suboptimal QoL. This has been reported in previous studies showing that the QoL scores improve, but do not normalize and then plateau out after a few years on treatment (14, 18) . This is not surprising as many of these GHD patients have had surgery and radiotherapy for intracranial pathologies and also have multiple hormone deficiencies and are receiving other hormone replacements. Also, GHD patients have a significantly higher BMI and fat mass than the control population, probably in part due to the metabolic consequences of hypothalamic-pituitary disoders (19, 20) . Interestingly, however, these features also do not always revert to normal with hormonal replacement. As expected, there was no significant difference in the heights of the volunteers or the patients because GHD was mainly of adult onset.
Comparison was made between the different genotypes (fl/fl vs d3/fl and d3/d3) for all the measured variables in both patients with GHD and in the control population. In the patients, this comparison included peak GH levels at diagnosis following glucagon stimulation tests, the rhGH dose required to optimize their serum IGF1 levels, their present QoL scores and BC. There was no significant difference in any of these parameters, except for the LFSS between genotypes both with d3 isoform genotypes analysed together and separately. The LFSS is a scale that provides the individual with an opportunity to identify the most important areas of their lives and then 'Satisfaction with' and 'Impact on' these areas are assessed in the subsequent satisfaction and impact scales.
These data suggest that the polymorphism in exon 3 of the GHR does not influence peak GH levels during dynamic pituitary stimulation tests prior to commencement of treatment. The polymorphism also does not influence patient response to treatment as determined by their QoL scores and BC. Finally, this polymorphism did not influence the extremes of height in the control population in agreement with previous studies (21) .
Other polymorphisms, such as polymorphism 504 AOG at codon 168 of exon 6 and polymorphism 1576 AOC at codon 526, are common, but do not influence response to rhGH treatment in children (7) . However, the c.1319 GOT polymorphism was found to be associated with therapeutic efficacy in GHD children (22) . Additionally, other genes within the GH pathway may also be important, and this relative importance may differ between adults and children. Therefore, further studies to investigate genes within and without the GH pathway are needed. This is important as rhGH is expensive, some patients develop adverse effects from therapy, while others show little response. Individualisation of therapy in this group of patients therefore is likely to have multiple benefits.
In conclusion, our data show that exclusion of exon 3 in the GHR gene does not influence adult height, QoL or BC in the normal adult control population. Similarly, in GHD adults treated with rhGH for O1 year, rhGH dose, QoL and BC, as well as biochemical parameters were not influenced by GH isoform expressed by the patient. Further studies in adult patients with GHD are required to determine the reasons for variability in response to rhGH.
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